Abstract
Phosphoinositide 3-kinase gamma (PI3K ) in neutrophils plays a critical role in the directedmigration of these cells into inflamed tissues. In this study, we demonstrate the importance of the endothelial component of PI3K D activity relative to its leukocyte counterpart in supporting neutrophil interactions with the inflamed vessel wall. Despite the reconstitution of class Ib PI3K function in neutrophils of p110 -/-mice, we observed a 45% reduction in accumulation of these cells in an acute lung injury model. Mechanistically, this appears to result from a perturbation in selectin-mediated adhesion as manifested by a 70% reduction in WT neutrophil attachment to and 17-fold increase in rolling velocities on p110 -/-microvessels in vivo in response to TNF . This alteration in adhesion was further augmented by a deficiency in p110 , suggesting that the activity of both catalytic subunits is required for efficient capture of neutrophils by cytokine-stimulated endothelium. Interestingly, E-selectin-mediated adhesion in p110 -/-mice was impaired by > 95%, but no defect in NF-B-induced gene expression was observed. These findings suggest a previously unrecognized partnership between class I PI3Ks expressed in leukocytes and endothelium, the combination of which is required for the efficient trafficking of immunocompetent cells to sites of inflammation.
Introduction
Class I phosphoinositide 3-kinases (PI3Ks) play a pivotal role in modulating innate and adaptive immune responses as they are important transducers of external stimuli to cells such as granulocytes and lymphocytes. [1] [2] [3] [4] [5] Structurally, they exist as heterodimeric complexes in which a catalytic p110 subunit (designated as , , , or ) is in association with a particular regulatory subunit (designated p50, p55, p85, or p101). 1, 6, 7 Functionally, all class I PI3Ks catalyze the phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) to form phosphatidylinositol (3, 4, 5) -trisphosphate (PIP 3 ) in response to activation of either receptor tyrosine kinases (RTK) or Gprotein coupled receptors (GPCR), which ultimately regulates a diverse array of biological functions. In regards to innate immunity, one major role of PI3Ks is to support chemoattractantdirected migration of neutrophils, macrophages, and specific populations of mast cells into sites of inflammation. [8] [9] [10] [11] Mechanistically, activation of this intracellular signaling pathway is essential for reorganization of cytoskeleton and membrane structure in response to such agonists, events that result in cell polarity and pseudopodia extension. [12] [13] [14] In particular, it is believed that PI3K , a class Ib PI3K, predominates in this process as recruitment of neutrophils into inflamed tissues was reduced by > 60% in p110 -null mice as compared to WT controls. [9] [10] [11] These studies, however, did not take into account the contribution of other cell types required for neutrophil trafficking, including vascular endothelium.
The recruitment of neutrophils to sites of inflammation relies not only on their ability to undergo transendothelial cell migration, but also upon a dynamic interplay between adhesion molecules expressed on these cells and the inflamed vessel wall. 15, 16 In this regard, the endothelial lining does not act as a permissive barrier between the blood and tissues but rather regulates neutrophil trafficking in response to various stimuli. For instance, endothelial cell activation by the For personal use only. on October 22, 2017. by guest www.bloodjournal.org From proinflammatory cytokine TNF is a key event for the initiation of a well orchestrated series of adhesive interactions involved in neutrophil recruitment, a process that relies in part on the de novo expression of E-selectin on the luminal surface of the vessel. 17, 18 E-selectin is one of three structurally related molecules that mediate the reversible capture (i.e. tethering) by and subsequent rolling of leukocytes on the inflamed vessel wall in response to hydrodynamic flow.
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It does so by virtue of its ability to interact with constitutively expressed counter-receptors on human neutrophils such as P-selectin glycoprotein ligand-1 (PSGL-1).
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Maximal expression of E-selectin on cytokine stimulated endothelium occurs within 4 h and decays by 24 h; surface expression parallels that of mRNA and is reliant in part on the NF-B and I B regulatory system.
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NF-B is a transcription factor that exists in the cytoplasm of cells in an inactive form due to its association with I B . Degradation of I B in response to TNF -stimulation enables NF-B to translocate into the nucleus where it can activate gene expression.
Class I PI3Ks are known to contribute to specific biological processes in endothelium such as angiogenesis. 25 This signaling pathway, however, was not thought to be a major mediator of proinflammatory processes elicited by TNF . 26 For instance, controversy exists surrounding the role of class I PI3Ks in regulating NF-B mediated gene expression of adhesion molecules such as Eselectin. Previously, it has been reported that the pan-class I PI3K inhibitor LY294002 did not prevent the transcription of an NF-B-dependent E-selectin promoter-reporter gene. 27 By contrast, transfection of HepG2 cells with a dominant-negative mutant of the p85 regulatory subunit, critical for the function of class Ia PI3Ks, resulted in both the inhibition of the PI3K signaling pathway and TNF-induced expression of the reporter gene, NF-B/CAT. 28 Recently, we have suggested that class I PI3Ks may in deed be involved in regulating the proadhesive state of vascular endothelium in response to cytokine stimulation. 29 In particular, genetic deletion of the p110 D catalytic subunit D in For personal use only. on October 22, 2017. by guest www.bloodjournal.org From mice significantly reduced neutrophil tethering to and increased rolling velocities of these cells on cytokine-stimulated venular endothelium by a yet to be identified mechanism. The significance of this observation, however, and the potential contribution of its gamma counterpart to this process remain to be determined.
In the current study, we have explored the contribution of PI3K activity in endothelium in supporting neutrophil trafficking into sites of inflammation. This was accomplished using in vitro and in vivo experimental approaches that evaluated the effect that p110 deficiency in endothelium has on promoting E-selectin expression and interactions with neutrophils. The reported observations broaden our understanding of signal transduction pathways that contribute to the multistep adhesion cascade.
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Materials and Methods

Reagents
Antibodies used in experiments included CL3 and CL37 (anti-human E-selectin, inhibitory and noninhibitory, respectively; ATCC), 9A9 (function-blocking anti-murine E-selectin; Klauss Ley, University of Virginia), PECAM 1.3 (anti-human PECAM-1; Peter Newman, University of Wisconsin), and FITC-conjugated goat F(ab') 2 anti-mouse Ig (CALTAG Laboratories, Burlingame, CA). The following rat mAbs to mouse proteins were purchased from BD PharMingen (Franklin Lakes, NJ): FITC-conjugated RB6-8C5 (Gr-1), and biotinylated 10E9.6 (E-selectin). Qdot™525 streptavidin conjugate was obtained from Quantum Dot Corporation (Hayward, CA). Recombinant murine and human TNF were obtained from PeproTech (Rocky Hill, NJ) and R&D Systems (Minneapolis, MN), respectively. Murine E-selectin, human P-selectin, or human ICAM-1 expressed as Fc chimeric proteins were obtained from R&D Systems, Genetics Institute, or ICOS Corp., respectively. Bay 11-7082 and LY294002 were purchased from EMD Biosciences Inc (San Diego, CA). The p110 inhibitor, IC87114 and recombinant p110 proteins were synthesized and purified as described. 30 Rabbit anti-p110 and p110 were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). 
Fetal liver reconstitution
Matings were determined by detection of a copulation plug (designated 0.5 days gestation). All mice were 8-10 weeks old with a genetic background of C57BL/6 x 129/Sv. Male mice deficient in p110 , p110 , or both catalytic subunits were lethally irradiated (950 rad) and reconstituted with fetal liver cells from WT littermates expressing green fluorescent protein (GFP -/+ ). 31 Briefly, embryos were harvested 14.5 days post-coitus, fetal livers dispersed, and the cell suspension centrifuged, washed, and resuspended in DMEM. Cells from each liver were injected into two mice that had been irradiated on the same day. Experiments were performed 8 to 10 weeks after injection.
Neutrophil Purification
Mouse bone marrow (BM) PMNs were isolated by discontinous Percoll gradient centrifugation as previously described. 29, 32, 33 . The resulting cell populations in both genotypes were equivalent for expression of the granulocyte marker Gr-1 (81% to 86% positive).
LPS-induced lung inflammation
Intra-tracheal instillation of LPS (10 Rg/g body weight) was performed as previously described. 29 Six hours following the challenge, mice were euthanized, BAL fluid collected, samples centrifuged, and resuspended in 0.6 ml of PBS containing 1% BSA and 5 mM EDTA, pH 7. 
TNF meaurement
Whole blood was collected from p110 -/-mice or WT controls by cardiac puncture. LPS (250 ng/ml final concentration) or PBS was added to equivalent volumes of blood and samples incubated at 37°C for 6 h. Supernatant was obtained by centrifugation and subsequently analyzed for TNF by enzyme-linked immunosorbent assay (Biosource International, Camarillo, CA). Values were normalized to absolute neutrophil counts contained in each blood sample.
Intravital microscopy
The surgical preparation of animals for all in vivo studies was performed using standard techniques. 29 An inflammatory response in the cremaster muscle (CM) venules of mice was induced by an intrascrotal injection of recombinant murine TNF (20 ng/mouse). The tissue was surgically exposed 3 h post-cytokine stimulation and viewed on an intravital microscope (IV-500; Mikron instruments). GFP-expressing cells were visualized in the microcirculation through X60 water immersion objective (Zeiss) using an intensified camera (VE1000SIT; Dage mti) and epifluorescence illumination. Rolling fraction was defined as the percentage of cells that interact with a given region of venule as compared to the total number of cells that enter that vessel (interacting and non-interacting) during the same time period. Venular shear rates were determined from optical Doppler velocimeter measurements of centerline erythrocyte velocity. Video images were recorded using a Hi8 VCR (Sony) and analysis of performed using a PC-based image analysis system. 
NF-B p50 Nuclear Translocation Assay
Cultured HUVEC (passage 3) were starved for 16 hours in 0.5% FCS containing medium 199. Cells were pretreated with vehicle (DMSO) or 10 µM of IC87114, LY294002, or BAY 11-7082 for 2h prior to stimulation with TNF (10 ng/ml) for 30 min. Cells were harvested by trypsin digestion and nuclear extracts were prepared by using TransFactor extraction kit (BD Bioscience/CLONTECH) according to manufacturer instructions. After centrifugation at 20,000 x g for 5 min at 4°C, supernatants (nuclear extracts) were assayed for p50 content. An equal amount of For personal use only. on October 22, 2017. by guest www.bloodjournal.org From nuclear extracts (10 µg) was added to incubation wells precoated with the DNA-binding consensus sequence. The presence of translocated p50 subunit was then assessed by using Mercury TransFactor kit (BD Biosciences/CLONTECH).
Immunoprecipitation and PI3K activity assay
Spleens from WT mice were pulverized in liquid nitrogen cooled mortar and solubilized in PI3-kinase lysis buffer (50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM NaCl, 1 mM EDTA and a cocktail of inhibitors to serine and cysteine proteases (Complete , Mini, Roch Applied Science, IN). HUVEC lysates were prepared as described. 29 Lysates were precleared with protein ASepharose and aliquots of the supernatants were incubated with antibodies specific for p110 and p110 , or control antibody for 1 hour at 4°C, followed by addition of protein A-Sepharose for 2 hours at 4°C. Precipitates were washed once with lysis buffer, twice with 0.1 M Tris-HCl, pH 7.4; 5 mM LiCl; and 0.1 mM sodium orthovanadate and once with PI 3-kinase buffer containing 20 mM Hepes, pH 7.4, 10 µM ATP, 5 mM MgCl 2 , plus 50 µg/ml horse IgG (Pierce, Rockford, IL). Lipid kinase activity was determined as previously described. 30 The radioactive product PIP 3 was captured onto a 96-well polyvinylidene difluoride filter plate (Millipore, Billerica, MA) and the bound radioactivity was quantitated with Microbeta Liquid Scintillation Counter (PerkinElmer Life Sciences, Boston, MA).
p110 Western Blot Analysis
HUVEC and the murine endothelioma cell line bEND3.1 (ATCC) lysates were prepared as described for the PI3K function assay. Recombinant p110 , , , and proteins (20 ng/lane) and cell lysates (100 µg/lane) were electrophoresed in precast 8% polyacrylamide gels (Invitrogen Life Technologies, Carlsbad, CA), transferred electrophoretically to a polyvinylidene difluoride membranes (Invitrogen) and immunoblotted with p110 antibody as described previously. 29 
Statistical analysis
A Student's t test was used for statistical comparisons. Statistical significance was set at P <0.05. Figure 1B) . The importance of endothelium in neutrophil recruitment is demonstrated by the ability of a function blocking F(ab') 2 to E-selectin (9A9), an adhesion molecule expressed on inflamed endothelium, to reduce BAL fluid cell counts by 70% ( Figure 1C ). Although TNF generated in response to LPS is required for expression of E-selectin, absence of PI3K activity did not alter the ability of leukocytes to secrete this pro-inflammatory cytokine (Figure 2 ). 34, 35 For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
p110 is expressed in vascular endothelium
As class I PI3Ks activity has been shown to exist in endothelium, it is conceivable that the PI3K may be present in this cell type and thus participate in neutrophil trafficking. To demonstrate for the first time that the p110 catalytic subunit not only is expressed in endothelium but is functional, we performed immunoprecipitation analysis and measured the activity of PI3K purified from proliferating vascular endothelial cells. Western blot analysis revealed the presence of this class Ib isoform in both HUVECs and the murine endothelioma cell line bEND3.1 ( Figure 3A , panels ii and iii, respectively). Moreover, the immunoprecipitated material was functional as measured by its ability to generate PIP 3 ( Figure 3B ). Importantly, the activity of p110 could be blocked by panclass I PI3K inhibitor LY294002 (10 RM), not by IC87114 (10 RM) which is selective for p110 D Z (3, B and C). This is consistent with previous results demonstrating a 58-fold selectivity of IC87114 for p110 than for p110 . 30 By contrast, IC 50 values for LY294004 vary among the four class I PI3Ks by only ~10-fold.
PI3K in endothelium is required for efficient neutrophil capture and rolling
The existence of p110 as a functional complex in vascular endothelium suggests that it may play an important role in mediating the neutrophil recruitment in response to pro-inflammatory stimuli.
Thus, we sought to elucidate the potential mechanism(s) by which PI3K may regulate such an event by observing the behavior of GFP-expressing granulocytes in microcirculation of TNFstimulated venules of mice chimeric for p110 activity. An absence of this catalytic subunit in endothelium alone resulted in the identical reduction in the number of fluorescent cells that attached to and rolled on the inflamed vessel wall as compared to animals lacking p110 in both cell types ( Figure 4A ). This suggests that PI3K in neutrophils does not play a role in this process. 
Role of class I PI3Ks in E-selectin-dependent adhesion
The observed reduction in attachment and increase in rolling velocities of WT neutrophils in animals deficient in class Ia or Ib PI3Ks suggested that an alteration in selectin-mediated adhesion had occurred. Although P-selectin expressed on endothelium predominates in the initial capture of circulating neutrophils in acute tissue injury, it is E-selectin that accounts for the phenotypically slow rolling movements of these cells in microvessels of TNF -stimulated CM. 36 To determine whether class I PI3Ks contribute to E-selectin-mediated recruitment of neutrophils, we next
) or had received the p110 specific inhibitor IC87114. In regards to the latter, we had previously demonstrated the specificity of this compound for this class Ia PI3K isoform. 29 To provide additional evidence that IC87114 directly blocks the function of p110 D , we measured the catalytic activity of this enzyme isolated from spleen extracts of WT animals in the absence or presence of this inhibitor. By comparison to vehicle control, incubation of immuno-precipitated p110 with 10 RM of IC87114, which inhibits > 95% of delta activity, reduced PIP 3 production by > 90% ( Figure 5A ).
Oral administration of IC87114 to P-selectin -/-mice one hour prior to TNF -stimulation of the CM resulted in > 88% reduction in neutrophil attachment to and rolling on inflamed venular endothelium as compared to vehicle treatment alone ( Figure 5B ). Mean plasma level of the compound 4 h post-oral administration was 4.9 ± 2.7 RM, a concentration known to inhibit > 85% of p110 but < 5% of p110 activity. 30 The requirement for E-selectin is demonstrated by the ability of the function-blocking mAb 9A9 to abrogate interactions between circulating granulocytes and the vessel wall in animals that received vehicle control. Thus, p110 activity is required for Eselectin-dependent adhesion of neutrophils. Moreover, the critical interplay between this adhesion molecule and class I PI3K activity is further demonstrated in animals deficient in both P-selectin and p110 . Attachment of GFP-expressing neutrophils to TNF -stimulated venules in the cremaster muscle of these animals was impaired by > 95% ( Figure 5C ).
To demonstrate that either genetic deletion of p110 or blockade of p110 D activity in these animals does not prevent surface expression of E-selectin, which could account for the observed reduction in neutrophil adhesion, we next evaluated the accumulation of fluorescent semiconductor 
Class I PI3K activity is not required for NF-B-mediated expression of E-selectin
To further extend our in vivo observations that class I PI3K activity may not be required for cytokine-induced expression of E-selectin, we performed flow cytometric analysis on TNFstimulated (4 hr) HUVECs pretreated with vehicle control, IC87114 (2 to 50 RM), or LY294002 (10 RM). No difference in E-selectin expression was noted in the presence or absence of the inhibitors ( Figure 6, A and B) . By contrast, TNF -induced expression of E-selectin was abrogated by Bay 11-7082 (10 RM), a small molecule inhibitor that impairs NF-B nuclear translocation and thus Eselectin gene transcription. 37 Further evidence in support of our findings that class I PI3K activity does not participate significantly in the expression of this adhesion molecule, was provided by evaluating NF-B nuclear translocation in TNF -stimulated HUVECs. By contrast to Bay 11-7082, treatment with either the nonspecific or delta isoform selective class I PI3K inhibitors LY294002 or IC87114, respectively did not prevent nuclear localization of NF-B as determined by an ELISA that detects the p50 subunit of this transcription factor ( Figure 6C ). Both inhibitors, never-the-less, reduced the ability of TNF -stimulated HUVEC monolayers to capture untreated neutrophils in vitro by over 45% at a wall shear rate of 200 s -1 whereas the E-selectin blocking antibody CL3 and Bay 11-7082 (10 RM) impaired attachment by 90 and 100%, respectively ( Figure 6D ). These To confirm that the lack of PI3K or delta activity in leukocytes does not impair selectindependent capture in flow as observed in vivo, we next evaluated the attachment of purified p110 -/-or p110 -/-neutrophils to surface-immobilized selectin-Fc chimeras using a parallel plate flow chamber apparatus. Despite the lack of either class I isoform activity, neutrophils from mutant animals accumulated equally well on these substrate and at levels comparable to that of WT controls ( Figure 7, A and B) . and p110 , suggests that optimal adhesive interactions require the activity of both PI3K isoforms.
How might PI3K participate in regulating the proadhesive state of TNF -stimulated endothelium? It is conceivable that its activity may contribute to surface expression of adhesion molecules as it has been suggested that PI3Ks, in general, play a pivotal role in TNF -mediated For personal use only. on October 22, 2017. by guest www.bloodjournal.org From activation of NF-B-dependent gene. 23, 28 In this scenario, stimulation of the type-1 TNF receptor results in activation of class I PI3Ks and subsequent generation of PIP 3 . Consequently, this leads to the phosphorylation of Akt, a downstream target of PI3Ks, which in turn activates NF-B and thus transcription of genes necessary for key immune and inflammatory responses. Indeed, our previous results concur with the observation that class I PI3K activity is essential for not only for phosphorylation of Akt but also for the activation of PDK1 in endothelium in response to TNF .
Both Akt and PDK1 are cytoplasmic proteins that contain pleckstrin homology domains, enabling them to be recruited to the plasma membrane where upon they can directly interact with PIP 3 .
Activation of these protein kinases is essential for many of the downstream signaling events associated with PI3K activity. By contrast, our current results do not support a role for class I PI3K-induced activation of NF-B as neither p110 nor its delta counterpart contributes significantly to this process. This is evident by the inability of the pan-class I PI3K inhibitor LY249004 or delta specific inhibitor IC87114 to 1) prevent nuclear translocation of this transcription factor in HUVECs in response to TNF , and 2) alter the level of expression of E-selectin on this cell type.
Moreover, this adhesion molecule was still present on cytokine-stimulated venules in the CM of p110 -/-and p110 -/-mice despite the significant reduction in selectin-dependent recruitment of neutrophils. Thus, an NF-B-independent mechanism must account for the majority of alteration in E-selectin-mediated adhesion in animals lacking class Ia or Ib PI3Ks.
In addition to gene regulation, it has been shown that cytoskeletal-mediated distribution of adhesion molecules such as E-selectin on the surface of cytokine-stimulated endothelium plays a role in regulating its pro-adhesive state. Disruption of microtubule assembly in endothelial cells with colchicine before or after TNF -activation altered the location, but not expression of Eselectin, an event that reduced neutrophil attachment as assayed under static conditions.
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Moreover, linkage of E-selectin to the cytoskeleton may also be of biological relevance in terms of strengthening interactions between these cells. In fact, multivalent ligation of E-selectin either by antibodies or surface-bound leukocytes results in its association with components of the actin cytoskeleton via its cytoplasmic domain, an event believed to confer greater resistance to mechanical deformation. 39 These data suggest that microtubule dynamics contribute to the functioning of E-selectin on endothelium. In terms of signaling pathways, the small GTP-binding protein Rho has been shown to be required for clustering of E-selectin in the vicinity of leukocytes once they are bound to the endothelial surface. 40 Although the involvement of p110 or delta in this process has not been demonstrated to date, class I PI3Ks are known to contribute to the clustering of cell surface receptors on chemokine-stimulated lymphocytes. 41 Thus, a precedent exists for the involvement of these lipid kinases in regulating the distribution and function of adhesion molecules on cells. Current studies are focused on elucidating the role of PI3K and delta in promoting Eselectin interactions with components of the cytoskeleton and subsequent effects on surface distribution and function.
In conclusion, we have demonstrated that a "non-leukocyte" component the PI3K activity contributes in part to the innate immune response by regulating the ability of selectin molecules expressed on TNF -stimulated endothelium to efficiently capture circulating neutrophils.
Moreover, we have clarified a controversial issue regarding the involvement of class I PI3Ks in NF-B-mediated gene regulation.
For Immunoprecipitates of spleens from WT mice using a p110 specific antibody that was assayed for 
